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ABSTRACT.  TV-like  pictures,  showing  position  and 
shape  of  undei*water  missile  test  items  are  obtained 
by  using  a  directional -scanning  sonar  method.  This 
report  is  a  systems  study  made  to  investigate  the 
problems  of  acoustical  imeiging  within  the  broad  con¬ 
cept  of  such  an  instrumentation  device.  It  covers 
the  interrelationship  of  absorption,  bandwidth,  in¬ 
formation-theory  limits,  and  beam  theory  for  trans¬ 
ducers  and  acoustical  lenses. 
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INTRODUCTION 


Tnis  study  vas  made  to  determine  the  extent  to  which  acoustical 
techniques  can  be  used  to  obtain  underwater  information  (such  as  posi¬ 
tion^  size^  and  shape  of  test  items)  at  distances  greater  than  those  cur¬ 
rently  obtainable  by  optical  methods.  The  approach  pursued  was  to  try 
to  present  acoustical  images  as  two-tone  pictures  on  an  oscilloscope, 
thus  combining  some  of  the  featiires  of  both  directional -scanning  sonar 
and  television.  It  was  proposed  to  achieve  this  by  transmitting  a  wide- 
angle,  high-energy,  long-duration  pulse,  and  scanning  the  area  with  a 
narrow-beam  receiving-transducer  system.  Then  (depending  on  the  system) 
the  signal  would  be  switched  if  necessary,  and  amplified  to  present  the 
pictvire  for  viewing. 

The  sequence  of  pulse  duration  and  scan  time  was  investigated  to 
determine  bandwidth  requirements  as  a  function  of  resolution. 

The  study  of  the  Mills  cross  approach  was  undertaken  because  it  was 
believed  the  beam  pattern  of  the  Mills  cross  was  the  product  of  the  pat¬ 
terns  of  the  two  line  arrays.  It  was  further  believed  that  this  concept 
could  be  expanded  into  a  beam- switching  Mills  cross.  When  tests  with 
the  Mills  cross  indicated  low  contrast,  a  study  of  beam  patterns  was 
made  starting  with  simple  line  transducers,  then  continuing  to  the  Mills 
cross,  and,  finally,  to  the  switching  Mills  cross. 

A  lens  system  study  was  then  made  to  determine  if  such  a  system 
would  produce  better  contrast;  lens  tests  were  conducted  to  verify  the 
results. 

Appendix  A  includes  calculations  on  transmission  losses.  Appendix  B 
is  a  report  on  studies  of  circuit  noise,  and  Appendix  C  describes  high- 
frequency  commutating  (switching)  techniques. 

Each  phase  of  this  study  is  more  fully  described  under  appropriate 
headings  throughout  the  text  of  the  report. 


TIME  FUNCTION  AND  BANDWIDTH 


Transmission  time  considerations  include  scan  time,  bandwidth,  zone 
of  coverage,  and  pulse  duration.  The  scan  time  is  a  function  of  area, 
resolution,  and  bandwidth.  The  depth  of  field  (or  zone  of  coverage)  is 
a  fiuiction  of  pulse  diuration  and  scan  time.  Note  that  in  the  examination 
of  these  time  functions  and  their  corresponding  distances  there  is  a  two- 
way  time  factor  involved,  i.e.,  the  time  it  takes  the  pulse  to  travel  to 
the  point  of  interest  and  return  to  the  receiving  transducer. 
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The  signal  must  be  trajismltted  for  some  time,  tt,  which  is  a  func¬ 
tion  of  the  scan  time,  tg,  and  the  depth  of  field,  The  speed  of 

sound  in  water  is  c.  Therefore, 

t .  =  t  + -  ,  and 

t  s  c  ^ 


There  is  a  minimum  distance,  D^,  which  must  be  compatible  with  the 
system;  thus. 


D 


d 


^d  ° 
2 


where  t,j  is  the  time  of  delay  after  transmitting  until  start  of  scan. 


Since  acoustical  transmission  and  low-level  reception  are  probably 
not  possible  at  the  same  time,  the  transmit  time  may  not  be  greater  than 
the  receive  time,  and  reception  must  be  done  during  the  delay  time  be¬ 
tween  transmit  pulses. 


Multiple  seem,  interlacing  of  the  scan,  and  multiple  pulse  alter 
the  zone  of  coverage.  All  of  these  techniques  are  available  for  use 
in  acoustical  imaging  systems. 

The  resolution  and  area  coverage  determine  the  number  of  bits  of 
information  per  frame.  The  time  of  scan  is  determined  by  this  and  the 
maxiinum  rate  of  information  flow. 

Sampling  and  switching  functions  require  some  bemdwidth,  W.  Then 
the  binary-channel  capacity,  C,  is  derived  by,  (Ref.  l): 

s  s 

C  =  W  Logg  (1  +  jj);  where  =  signal  to  noise  ratio 
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when  S  - 

=  1,  then 

C  =  W 

This  equation  represents  the  upper  limit  of  information  theory,  so  com¬ 
promises  must  be  considered  as  functions  of  this  maximum  rate  of  infor¬ 
mation  flow. 

There  is  a  Doppler  shift  of  the  received  signal  related  to  the  ve¬ 
locity  of  the  target  and  to  the  signal  source,  which  increases  the  band¬ 
width  requirements.  The  following  calculations  (together  with  calcula¬ 
tions  to  combine  constants)  are  necessary  to  arrive  at  a  constant — 
referred  to  here  as  the  Doppler-shift  constant. 


Doppler  shift  =  -j- 

2v  2vf 
c  ”  c 
f 

=  KVF 

Therefore,  Doppler  shift  equals 

K  =  2V  (6080)  F  (1000) 
(5000)  (3600) 

K  .  .6T5  =£2^225 


Doppler  shift,  given  in  cps 

V  =  relative  velocity,  fps 
k  =  wavelength,  ft 

c  =  speed  of  sound,  fps 
f  =  frequency  of  signal,  cps 
K  =  conversion  constant 

V  =  relative  velocity,  nautical  mph 
F  =  frequency  of  signal,  kc 


TEbVNSMISSIOK  AND  ABSORPTION 


In  this  section,  it  is  intended  to  treat  acoustical  transmission 
and  absorption  of  acoustical  energy  in  a  water  medium.  In  the  calcula¬ 
tions  presented  some  assumptions  are  made  that  will  imply  specific 
imaging  devices.  The  purpose  of  this  study  is  to  investigate  the 
problems  involved. 

For  range  calculations  the  log  system  of  decibels  is  used  with  a 

reference  pressure  of  1  nb  =  ^  (1^013.3  mb  are  equal  to  one  stan- 

cm 

dard  atmosphere  of  pressure).  Ref.  2. 
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The  onset  of  cavitation,  which  occurs  in  water  when  certain  inten¬ 
sities  are  exceeded,  limits  the  maximum  power  per  unit  area  transmitted 
throxjgh  the  water.  Existing  literattire  does  not  reveal  a  sharply-defined 
upper  limit  for  these  intensities  since  other  factors  (i.e.,  length  of 
pulse,  depth  of  water,  and  amoxmt  of  air  in  solution),  affect  the  maximum 
intensity.  For  example,  with  air-saturated  water  the  intensity  limit  is 
less  than  2  watts/sq  cm.  For  sea  water,  the  intensity  limit  covers  a 
range  from  0.2  to  2.0  watts/sq  cm.  Ref.  3.  The  estimated  limit  for  a 
long -pulse  source  at  a  depth  of  6  feet  or  more  is  0.5  to  1.0  watt/sq  cm. 

A  sending  transducer  probably  should  be  a  large  segment  of  a  sphere, 
perhaps  20*  x  20*,  capable  of  transmitting  1,000  watts  of  acoustical 
power  since  the  power  requirements  call  for  a  large  surface  area.  A 
flat  transducer  is  not  satisfactory  since  it  would  have  a  narrow  beam, 
which  wovild  make  some  method  of  focusing  the  energy  to  a  diverging  beam 
necessary. 

Based  on  a  conservative  estimate  of  intensity  limit,  the  surface 
area  of  the  transducer  should  be  2,000  sq  cm,  or  about  I8  inches  on 
each  side. 


18  in.  18  in. 

*  6  “  20’ 

57.^ '/rad 

=  51*6  inches  =  4.3  feet 


Q  =  central  angle  of  transducer  in 
radians 

r  =  radius  of  transducer 


and 


P 


=^pc  I  lo"^ 

=  8.8  X  lO^^b 


or  +119  db 


I 

P 

P 

c 

pc  of  water 


2 

intensity  (average),  watts/cm  = 
0.5  watts/cm^ 
pressure  _ 

density,  grams/cm'^ 
speed  of  sound,  cm/sec 
154,000  dynes/cm2 


Since  the  reference  is  in  decibels,  a  shift  from  1,000  watts  to 
100  watts  would  be  only  -10  db,  or  a  shift  from  II9  to  109  db. 


Radiated  power  varies  Inversely  to  the  square  of  the  distance,  be¬ 
cause  of  spreadirg.  For  sin5)le  calculations  the  center  of  the  sphere 
becomes  the  imaginary  source  of  the  20  x  20*  beam.  In  addition,  a  flat 
object,  with  good  reflection  characteristics,  is  used  to  reflect  the 
beam;  thus  the  spreading  of  the  energy  returning  along  the  two-way  dis¬ 
tance  is  equal  to  twice  the  one-way  traveling  distance.  This  becomes  a 
power  factor  of  l/4,  or  -6  db.  Spreading  and  absorption  at  several  fre¬ 
quencies  along  the  two-way  distance  are  presented  in  Fig.  1.  Absorption 
constants  for  absorption  in  water  are  shown  in  Fig.  2.  Ihe  data  for 
Fig.  2  was  computed  from  information  appearing  on  p.  3-71,  Ref.  4. 
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FIG.  1.  Transmission  Losses. 
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DEEIBLES  PER  YARD 


FIG.  2.  Soimd  Absorption  J\mctions  for  Water  and  Seavater. 
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To  calcxilate  the  spreading  loss  for  the  transducer  with  a  radius  of 
curvature  of  4.3  feet  for  one  point  50  feet  away  (or  a  two-way  distaJice 
of  100  feet: 


^1^1  ^2^2 


=  intensity  at  transducer 


A  a  r^ 


Ig  =  intensity  at  twice  distance 
of  interest 


=  area  of  transducer 

=  area  of  beam  at  distance 
of  interest 


dg  =  twice  distance  of  interest 

d^  =  radius  of  curvature  of 
transducer 


■27  decibels. 


The  spreading  loss  may  be  calculated  by  this  method  for  any  angle 
of  coverage.  (Note  that  this  method  of  ceilculation  keeps  the  reference 
point  behind  the  transducer  at  its  spherical  center  and  that  the  inten¬ 
sity  has  been  calculated  on  the  front  surface  of  the  transducer  instead 
of  one  yard  in  front  of  the  transducer,  as  is  the  standard  practice.) 
Ihe  retvirning  signal  intensity  will  be  of  a  very  low  amplitude,  i.e., 
the  pressTire-wave  amplitude  might  be  as  low  as  0  to  -40  decibels.  Thus, 


P  =.;Pc  I  X  10 


I  = 


2  -7 

P  10  ' 


at  P  =  0  db,  or  1  pb 


I  = 


10 


1.54  X  10^ 


=  6.5  X  10  watts/ 


cm 


2 

P  =  pressure,  dynes/cm 

2 

p  =  density,  grams/cm 

c  =  speed  of  sound,  cm/sec 

2 

I  =  intensity,  watts/cm 
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Therefore, 


at  0  db 

I  is  6.5 

-10 

6.5 

-20 

6.5 

-30 

6.5 

-4o 

6.5 

10"^^ 

watts/cm^ 

10"^^ 

watts/cm^ 

10"^^ 

watts/cm^ 

10-16 

watts/cm^ 

10 -1^ 

watts/cm^ 

MILLS  CROSS  TRAMSDUCER 


“I  The  Mills  cross  transducer  is  a  cross  of 

two  line  arrays  of  antennas  used  to  achieve  a 
directional  antenna  system.  In  this  report  a 
Mills  cross  refers  to  crossed  line  acoustical 
[  .1  ,1  transducers  in  directional  acoustical  trans¬ 

ducer  arrays.  See  Sketch  2. 

If  eight  barium  titanate  transducers,  each 
-1  0.150  inches  by  3.0  inches  at  I.5  Me,  with  the 

SKETCH  2  outside  four  being  shaded  to  about  one  half  their 

driving  ctirrent,  are  used,  the  effective  area 
will  be  about  2.7  sq,  in.  =  17«4  cm^  with  an  input  iii5)edance  of  about 
5  ohms.  The  electrical  power  available,  if  properly  coupled  (l]i5)edance 
matched),  is  one-half  the  power  in  the  receiving  transducer  times  some 
efficiency  factor,  K.  A  value  of  K,  0.1,  has  been  established  for  cal¬ 
culating  the  available  power,  W.  Thus,  for  a  pressure  reference  level 
of  0  db: 


W  =  1/2  K  I  A 

W  =  0.5  (0.1)  6.5  X  10“^^  (17.^) 

and  W  =  5.65  X  10 watts 

For  a  pressiire  reference  level  of  -20  db: 

W  =  5.65  X  10'^^  watts,  and 
for  a  pressxire  reference  level  of  -40  db: 
W  =  5*65  X  10  watts. 


W  =  available  power,  watts 
K  =  efficiency  factor 
I  =  intensity,  watts/cm^ 

p 

A  =  area,  cm 
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If  an  impedance -matching  device  has  no  loss,  then  the  voltage  for 
a  1,000 -ohm  load  is: 

j -  E  =  voltage,  volts 

E  =.  I  WR  W  =  power,  watts 

^  R  =  resistance,  ohms 

For  a  O-dh  pressure  reference  level: 

E  =  2.38  10-5  volts, 

for  a  pressiire  reference  level  of  -20  db: 

E  =  2.38  10"^  volts,  and 
for  a  pressure  reference  level  of  -4o  db: 

E  =  2.38  10 "7  volts. 

If  no  matching  device  is  used  and  the  load  is  large,  the  one-half¬ 
power  transfer  factor  is  dropped.  Now  the  0-db  pres sture -reference  level 
voltage  across  the  5-ohm  transducer  is: 


E  11.3  X  10"^^  X  5  =  2.38  10"^  volts 

From  this  voltage  the  lower  limit  of  reception  can  be  estimated  in 
the  range  of  0  to  -20  db  if  1  iivolt  is  the  minimum  signal  that  can  be 
detected . 


BEAM  CALCULATIONS  FOR  LINE  TEANSDUCER 


Small  increments  of  the  incoming  signal  are  added  vector ially  when 
a  line  transducer,  such  as  one  line  of  a  Mills  cross,  is  used.  Bius  a 
long-line  transducer,  receiving  a  pressure  wave  in  phase  at  all  points, 
will  produce  a  maximum  signal  output. 

A  source  at  such  a  distance  that  it  would  produce  a  curved  wave 
front  can  be  considered  to  be  in  the  near  field  of  the  transducer  (see 
Sketch  3)*  A  curved  transducer  then  could  be  used  to  increase  the  sig¬ 
nal,  and  can  be  considered  to  have  a  focussed  effect  for  a  distance 
eq-ual  to  the  radius. 

The  nulls  for  a  line  transducer  would  be  formed  at  an  angle  where 
the  received  signals  would  be  completely  canceled,  and  the  side  lobes 
would  be  formed  at  an  angle  of  maximiun  signal.  Ihe  first  side  lobe, 
then,  could  be  represented  as  shown  in  Sketch 
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The  strength  of  the  signal  arriving  at  the  transducer  at  angle  0 
(the  first  side  lobe  as  shown  in  Sketch  4)  may  be  calculated  by  summing 
Uie  press\ire,  P,  over  the  area  of  the  trsmsducer.  Therefore,  using  x  to 
denote  distance  along  the  transducer  of  length,  £,  and  asstoning  unity 
width,  w,  the  average  aii5)litude  of  pressure  relative  to  the  peak  is: 


P  av  ^  r  r  w  sin  X  dx 
P  max  JL  w  3Jt 


cos  0 


The  cos  0  term  is  needed  to  give  the  effective  vertical  pressure  on 
the  transducer.  For  example,  using  a  long -line  transducer,  200  wave¬ 
lengths  long: 


0  =  sin”^  (273)'\obx.  “  0*^30#  therefore  cos  0=1. 

Thus,  let  cos  0  =  1, 

P  =  r  sin  X  dx  _ 

P  max  3jt 

=  -13.5  db 

A  quick  and  sinq)le  way  to  find  the  pressure  on  the  above  transducer 
is  to  add  the  increments  of  pressure  over  the  surface  of  the  transducer. 
One  sine  wave  adds  to  zero.  The  average  value  of  one -half  sine  wave  is 
0.636  of  the  peak  value;  this  is  over  one-third  of  the  area  of  the  trans 
ducer. 


p  (pressure)  (length)  (width)  _  P  max  (O.636)  ^ 
(length)  {width)  ”  3 


P  av 
P  max 


-13.5  db 


The  first  null  could  be  represented  by  the  pressure  wave  hitting 
the  treuisducer  so  that  the  signal  sums  to  zero,  as  shown  in  Sketch  5. 

These  values  of  0  could  be  calculated  for  a  shaded  tremsducer;  how¬ 
ever,  the  Tables  in  Ref.  5  Bxe  used  since  these  values  have  already  been 
cal  ciliated. 
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DISTANT  SOURCE 


NEAR  SOURCE 


PRESSURE 
FRONTS  ' 


LINE  TRANSDUCERS 


SKETCH  3 


POSITIVE 

PRESSURE  FRONTS 


REPRESENTATION  OF  INSTANTANEOUS  PRESSURE  ONTRANSDUCER 


SKETCH  5 
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BEAM  CALCULATIONS  FCB  MILLS  CROSS  IRANSrUCER 


Now  we  can  examine  the  Mills  cross  transducer  in  terms  of  this 
method.  First  we  examine  the  angle  that  represents  a  null  on  one  trans¬ 
ducer  and  full  signal  on  the  other,  as  shown  in  Sketch  6. 


The  average  pressure  of  the  Mills  cross  transducer  equals  the  meaJi 
of  the  average  value  on  each  of  the  two  line  arrays. 

P  av  =  2  P  max  l/2  (l  +  O) 


Thus  a  null  on  one  transducer  will  constitute  a  6  db  loss  for  the 
complete  cross. 

Ihe  first  side  lobe  on  one  transducer  can  now  be  calculated,  see 
Sketch  7* 


P  av  =  £  P  max  1/2  (1  -  0.212) 


P  av 
P  max 

For  the  second 


=  0.394  =  -8  db 
side  lobe: 


12 


MVWEPS  REPORT  7889 


P  av  =  2  P  max  1/2  (1  + 


P  av 
P  max 


=  0.56 


-5  db 


The  fields  of  the  line  arrays  of  a  Mills  cross  transducer  with 
some  values  for  combined  signals  are  shown  in  Sketch  8: 


Sketch  9  shows  amplitude  sketched  against  angular  displacement. 
Eeich  fan  of  the  X-shaped  sensitivity  pattern  is  the  fan  of  one  line  of 
a  Mills  cross  transducer,  and  is  about  20*  wide. 
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BEAM  CALCULATIONS  FOR  MILLS  CROSS  SWITCHING  OEANSEIUCER 


The  expanded  concept  of  switching  in  different  directions  by  moni¬ 
toring  different  elements  will  be  referred  to  as  a  Mills  cross  switching 
transducer.  If  such  a  switching  treinsducer  is  constructed  to  switch 
through  20*,  each  element  must  be  long  and  narrow — 200  to  300  wavelengths 
long*  (depending  on  the  shading).  Ref.  5,  and  not  more  than  2^  wavelengths 


A  Mills  cross  switching  transducer  might  be  any  of  several  configu¬ 
rations  (see  Figs.  3  and  4).  Problems  which  might  be  anticipated  will 
vary  with  the  physical  configuration  of  each  transducer. 


FIG.  3*  A  Mills  Cross  Transducer  Configuration 
for  One  Directional  Scanning. 


The  Sperry  sonar  propagation  and  transducer  computer  was  used 
for  this  computation. 
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FIG.  4.  A  Mills  Cross  Transducer 
Configuration  for  Two  Directional 
Scanning. 


Bie  one-directional  scanning  transducer  has  few  problems  other 
than  those  encountered  with  a  conventional  Mills  cross.  Hiis  trans¬ 
ducer  would  have  one  element  placed  in  a  vertical  position  with  several 
elements  placed  in  horizonteil  positions  at  regular  angles.  This  would 
allow  the  horizontal  elements  to  he  switched  sequentially,  parallel  to 
the  vertical  transducer,  to  form  several  different  Mills  crosses,  eeujh 
pointing  in  a  different  direction,  as  shown  in  Sketch  10. 
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The  combined  signal  produced  by  the  vertical  and  #1  horizontal  ele¬ 
ments  is  lower  because  the  vertical  element  is  slightly  twisted  relative 
to  the  incoming  signal.  If  it  were  desirable  to  switch  through  20“  with 
a  signal  fall -off  of  -3  db  or  less  on  the  center  transducer,  this  trans¬ 
ducer  would  have  to  be  2.5  wavelengths  or  less  in  width.  The  side-lobe 
pattern  is  not  apparently  affected  by  the  twisted  vertical  elements.  How¬ 
ever,  a  slight  deterioration  in  quality  might  be  expected  in  the  areas 
of  beam  width  eind  side  lobes,  especially  when  the  configuration  is  a  non- 
symmetrical  cross.  Construction  problans,  of  course,  increase  with  in¬ 
creased  complexity  of  configtiration.  Each  horizontal  element  sho\ild  pass 
through  the  center  of  the  vertical  element  and,  if  construction  tolerances 
allow  up  to  a  10-deg  phase  shift,  this  would  be  only  I/36  of  a  wavelength, 
or,  for  1.5  Me,  a  little  over  0.001  inch.  See  Sketch  11. 


SKETCH  11 


In  a  two-directional  switching  transducer  it  is  probable  that  the 
horizontal  and  vertical  groups  of  transducers  might  be  separated  a  short 
distance,  with  a  displacement  for  the  worst  condition  being  some  multiple 
of  A,/2.  To  examine  the  sensitivity  pattern  we  will  use  a  tremsducer  ele¬ 
ment  200  wavelengths  long  and  200  wavelengths  between  centers  (as  shown 
in  Sketch  12) .  At  this  point  the  signal  woiild  null  out  completely.  An¬ 
other  unique  point  is  demonstrated  in  Sketch  I3  which  shows  the  pressure 
waves  again  perpendicular  to  the  plane  of  the  drawing,  resulting  in  max¬ 
imum  pressiire  on  one  transducer. 


P  av  =  2  P  max  1/2  (1  +  O.636) 


P  av 
P  max 


0.818 


-1.7  db 


The  same  signal  level  will  result  at  (-0). 

Another  unique  point  is  apparent  on  the  sensitivity  pattern  when  the 
plane  of  the  pressvire  wave  is  maximum  at  the  center  of  each  transducer 
but  passes  through  the  point  midway  between  this  l/k  wave  separation.  The 
pressure  wave  is  not  perpendicular  to  the  plane  of  the  paper  and  will  be 
symmetrical  on  both  transducer  elements  as  shown  in  Sketch  l4. 
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P  av 
P  max 


3n 

X  w  sin  X  dx 


w  =  width  =  1 


-cos  X 

~w~ 


3« 

X 

It 

IT 


0.903 


=  -0.9  db 

When  the  signal  arrives  well  outside  the  normal  beam  width  of  either 
line  transducer  and  in  the  beam  of  the  other  transducer,  the  signal  level 
is  down  to  the  -6  db  level--the  same  as  for  a  standard  Mills  cross. 


The  results  here  are  as  one  shoixLd  expect:  transducers  with  separa¬ 
tions  significant  to  their  o^m.  dimensions  have  interference  patterns 
within  their  own  beam  width.  The  results  are  further  complicated  with 
beam  width  and  interference  when  the  elements  are  not  held  in  the  same 
plane  or  in  some  parallel  plane  a  multiple  number  of  wavelengths  away. 
These  switching  transducers,  either  one-  or  two-directional,  could  surely 
be  constructed  for  special  applications  where  a  6 -decibel  contrast  is 
adequate . 


ACOUSTICAL  IMAGE  TEST 


Some  tests  have  been  conducted  with  a  1.5-Mc,  8-inch  Mills  cross 
transducer  using  directional  mechanical  scanning.  The  cross  was  con¬ 
structed  of  round  buttons  which  were  shaded  according  to  the  Tschebyscheff 
distribution.  Ref.  ‘j,  and  mounted  on  a  brass  plate;  cement  thickness  var¬ 
iation  was  0.005  inches.  One-eighth  watt  energy,  transmitted  from  a 
single  button  about  33  feet  away,  covered  the  area  of  the  target,  which 
was  a  4-  X  4-ft  Styrofoam  board  with  lead  weights,  mounted  on  a  lab  stand 
at  the  deep  end  of  a  swimming  pool.  Figure  5  is  a  general  view  of  the 
entire  test  setup  showing  the  receiving  and  sending  transducers  close 
to  the  electronics.  The  inset  in  Fig.  5  is  the  acoustical  image  of  the 
Styrofoam  board;  some  return  from  a  steel  ladder  also  appears  in  the 
upper-left-hand  corner.  A  complete  description  of  the  test,  together 
with  power  loss  calculations,  appears  in  Appendix  A. 
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FIG.  5-  Acoustical  Test  Setup  in  Swimming  Pool; 
(inset)  Image  of  Target  From  Acoustical  Camera. 
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TOAMSDUCER  ACOUSTICAL  IMPEDAICE  ETCHING 


The  working  medimns  for  transducer  design  must  be  in5>edance  matched. 
The  problem  presented  is  similar  to  a  transmission  line  problem.  The  re¬ 
ceiving  and  transmitting  transducers  each  present  a  separate  problem  since 
each  one  must  be  designed  to  have  an  in^jedance  match  to  water.  Since  the 
energy  emitted  from  the  back  of  the  transducer  is  not  only  wasted,  but 
might  also  present  a  noise  problem,  the  energy  flow  in  this  direction 
should  be  stopped.  The  normal  reflected  energy  for  thick  reflectors  is 
given  by  (Ref.  2,  p.  110); 

Ij.  t(pc)2  -  (pc)^]^ 

h  "  t(pc)2  + 

By  selecting  a  material  with  either  a  high  or  low  pc,  most  of  the 
energy  is  reflected  at  the  boxindary.  The  high  value  acoustical  impedance 
reflector  reflects  energy  in  phase;  the  low  value  acoustical  impedance 
reflector  reflects  energy  I80*  out  of  phase.  ISie  phase  of  reflection 
and  the  res\ilting  acousticeQ.  Impedance  at  the  reflected  boimdary  deter¬ 
mine  the  value  of  pc.  If  a  low  pc  is  chosen  for  the  backing  material 
such  that 


1 .  f 

(pcjg  J  I^  =  Intensity  (reflected) 
=  Intensity  (incident) 

^  - 


^c)  backlM  ^  Q 
(pc)  transducer 

the  energy  from  the  back  surface  of  the  transducer  is  reflected  and  the 
transducer  in^edance  is  approximately  matched  to  water. 


The  Smith  Chart,  Fig.  6,  depicts  the  process  and  is  IdeeJ.  for  use 
with  nonabsorbent  mediums.  Although  the  transducer  is  an  absorbent 
medium,  the  Smith  chart  can  be  used  to  uMerstand  the  problem.  Refer¬ 
ring  to  the  chart,  move  from  the  0  Impedance  point  clockwise  around  the 
chart  one  full  revolution  for  every  half  wavelength  on  the  exponential 
spiral  Inward  (due  to  the  lossy  medium).  Ref.  6.  Ilhe  spiral  inward  is 
probably  too  great  to  achieve  the  desired  Impedance  match  to  water: 


pc  water _ 

pc  transducer 


0.05. 
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If  an  acoustical  in^jedance  match  is  not  achieved,  a  quarter  wavelength 
matching  plate  of  some  material  whose  pc  is  the  geometric  mean  of  the 
two  impedances  could  be  built  on  the  transducer  surface.  As  shown  on 
the  Smith  Chart,  the  imaginary  impedance  in^Jlies  a  reflection  other  than 
a  zero  or  l80-degree  phase  shift.  This  tends  to  shift  the  resonant  fre¬ 
quency  to  a  higher  frequency  if  leading  in  phase — and  to  a  lower  frequency 
if  lagging  in  phase. 


LENS  SYSTEje 


Increasing  contrast  over  a  Mills  cross  directional  transducer  would, 
apparently,  reqiiire  a  circular  configuration.  A  large  circular  trans¬ 
ducer  with  mechanical  scanning  would  not  be  desirable  because  of  noise 
from  turb\ilance;  however,  an  acoustical -lens  system  with  a  matrix  of  re¬ 
ceiving  elements  might  possibly  be  used.  For  a  circuletr  area  in  such  a 
system  to  have  0.25 -degree  resolution 


1.22  =  a  constant  for  circular 

.  1.22X  configuration 

~  D  9  -  angular  resolution,  radians 

X  -  wavelength 

D  =  28OX  D  =  diameter  of  lens 

Ihe  definition  for  the  resolution  angle  9  is  one  used  in  optics  and 
involves  resolution  or  separation  of  two  i>oint8— i.e.,  when  the  center 
of  the  main  lobe  of  each  falls  on  the  first  nvill  of  the  other  (Raleigh's 
Criterion),  Ref.  7.  To  determine  the  diameter  of  a  transducer  element, 
d,  of  a  compatible  0.25 -degree  resolution  system,  if  the  focal  length 
(f)  equals  8k0  wavelengths  (Sketch  15)  where  9  is  the  angle  of  minimum 
beam  width  due  to  the  lens  system 


ACOUSTICAL 

lens  system 
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then 


e 


d 

f 


d.suox.  (0.25-deg)|^g 


=  3.72X. 


Thus  the  receiving  transducer  button  will  have  a  diameter,  d,  of 
3.7^.  The  beam  of  this  transducer  is  down  4  db  at  the  aperture  of  the 
lens.  Sketch  16. 


It  is  interesting  that  a  given  lens  apertxxre  and  focal  length  al¬ 
ways  result  in  a  transducer  size  compatible  in  resolution  and  beam  width 
It  is  probably  better  to  use  the  angle  of  resolution  for  the  lens  as 
fo-und  on  the  Sperry  sonar  propagation  and  transducer  computer  to  define 
the  beam  to  one -half -power  points  so  that  both  the  lens  and  the  receiv¬ 
ing  transducer  are  down  to  the  one -half -power  point  at  the  edges.  The 
resolution  of  the  lens  and  button  combination  would,  of  coixrse,  be  less 
for  the  two  combined. 

The  Hopkins*  formula,  using  resolving  power  (in  a  lens-emulsion 
system)  as  a  function  of  certain  image  'energy'  diameters  will  probably 
apply.  The  formula; 

R  =  605  (dg  +  ^ 

gives  resolution  R  in  lines/mm;  dg  represents  the  diameter  of  the  circle 
which  contains  30^  of  the  linage  energy,  and  df  is  a  constant  of  the  emul 
sion.  Both  dg  and  df  are  expressed  in  microns. 

If  we  make  dg  =  df  then  resolution  is  reduced  from  the  limit  of 
either  one  by  the  factor  {^f2) .  The  equation  gives  reasonable  results 
for  this  problem  and  it  also  shows  the  reduced  resolution  obtained  with 
two  limiting  factors,  dg  and  df. 

_ 

Robert  E.  Hopkins,  Rochester,  N.  Y. 
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Gain  is  the  ratio  of  intensity  (or  the  ratio  of  lens  area  to  trans¬ 
ducer  area) : 

=  intensity  at  lens 
=  intensity  at  transducer 
=  area  of  lens 
=  area  of  transducer 
G  =  gain  of  lens 

By  reducing  frequency,  absorption  is  lowered  and  area  is  increased, 
resulting  in  increased  power  and  reduced  scan  rate  (this  is  an  informa¬ 
tion  theory  limit) .  The  scan  rate  upper  limit  requires  one  or  more 
cycles  of  information  before  switching  to  the  next  element  of  the  trans¬ 
ducer  matrix.  In  addition,  the  impedance  of  each  transducer  element 
would  be  reduced. 

For  6  =  0.25  deg  and  F/3 


I/i  =  I^A^ 
and  by  definition 


(280A.)^ 

(3.7X)^ 


5.6  X  10^ 


=  37  db 


=  diameter  of  lens 
Dg  =  diameter  of  transducer 


For  a  better  comparison,  the  gain  this  method  shows  over  the  previously- 
discussed  Mills  cross  system  if  both  systems  are  at  I.5  Me,  is: 


D^- 

V 

1.35  cm^ 


D  =  28OA.  =  11.2  in. 


=  38 
=  16  db 
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Both  type  and  material  of  lens  are  germane.  If  a  reflector  type 
is  selected,  then  steel  gives  88^  reflection  efficiency,  which  can  be 
even  higher  if  a  thickness  of  some  odd  multiple  of  one-quarter  wave¬ 
length  is  used.  Materials  such  as  Monel,  nickel.  Inconel,  molybdenum, 
and  other  rare  metals  (Ref.  3>  P*  8)  have  a  better  reflection  efficiency 
than  steel. 

For  lens  systems  using  membrane  windows  or  thin  reflecting  surfaces 
the  equation  for  thin  plates  should  be  used.  Ref.  8. 

The  energy-transmission  coefficient  Tj;  and  the  energy  reflection 
coefficient  Rg  for  lossless  thin  plates  and  membranes  of  thickness  dp, 
and  for  normal  incidence  are  given  by: 


1  -  Rg  =  ■ 

r  2  , 1 

«  2jt  d 

1  ,  .  m  -  1 
1  — 

sin"  (-^) 

L 

P 

thickness 

of  plate 

a  wavelength  in  the  plate  material 


where 


m 


P  ° 

=  lE-E 

P  c 

^o  o 


the  relative  acoustic  impedance  Is  the  ratio  of  the  acoustic  impedance 
of  the  material  to  the  acovistic  Impedance  of  the  medium. 


For  the  special  case  where 


d 

P 


15ie  equation  reduces  to 


Tg  =  1  -  R^  ^  1 


dp  =  thickness  of  thin  plate 
Ip  =  wavelength  in  plate  material 


For  the  relative  ewoustical  impedance,  very  small  values  may  be 
obtained.  Thin  plates  of  materials  with  very  low  acoustical  inpedance 
would  make  excellent  reflectors. 
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For  the  reflected  intensity  of  soimd  for  a  thick  plate,  the  equa¬ 
tion  is; 


^r  ^r  ®1  "  ^P^^i 

^  ^i  [(pc)2  sin  0^  +  (pc)^  sin  9^]^ 

In  the  case  of  the  normal  incidence: 

[(pcjj  - 

^  "  KpOs  +  (p=)j,I^ 

0]_  =  angle  of  incidence 
©2  =  angle  of  transmission 
Rg  =  energy  reflection  coefficient 
Pj.  =  power,  reflected 
P;j^  =  power,  incident 

If  a  refraction-type  lens  is  used,  it  is  desirable  to  have  the 
acoustical  impedance  (pc)  of  the  two  media  equal,  A  difference  of  the 
velocity  of  sound,  c,  is  required  and  absorption  must  be  small.  For  a 
material  like  carbon  tetrachloride,  pc  is  very  close  to  water  while  c 
is  about  2/3  that  of  water.  A  liquid-retaining  window  with  80^  trans¬ 
mission  would  require  a  prohibitively  thin  containing  membrane  having  a 

thickness  of  d  =  ^  for  aluminum  and  d  =  ^  for  Lucite.  Perhaps  half¬ 
wavelength  materieuL  (sometimes  called  windows)  coxild  be  used.  It  would 
not,  however,  be  a  perfect  window  between  two  materials  having  different 
acoustical  Impedances. 


Ij.  =  intensity,  reflected 
1^  =  intensity,  incident 
P  =  density 

c  =  speed  of  sound  in  media 

1  =  first  medium 

2  =  second  medium 


Other  solid  materials  which  might  be  used  for  lenses  are  Lucite, 
polystyrene^  and  polyethylene,  which  have  a  speed  of  sound  greater  than 
that  of  water.  Of  these  materials,  Lucite  has  a  high  c,  (pc),  and  ab¬ 
sorption.  In  the  case  of  polystyrene,  the  transmission  of  a  single 
water-polystyrene  boundary  normal  to  the  surface  is  efficient — this 

fades  to  between  75  ^md  85^  for  reasonable  acoustical -lens  angles.  The 
velocity  of  sound  of  polystyrene  is  about  1.5  times  greater  than  that 
of  water.  Polyethylene  has  a  density  in  the  range  of  0.95  and  a  c  ap¬ 
proximately  1.3  times  greater  than  that  of  water.  Polyethylene  has  a 
small  impedance  mismatch  as  the  density  is  low  and  would  make  an  excel¬ 
lent  lens  provided  absorption  characteristics  are  reasonable.  Since 
these  materials  have  speeds  of  sound  greater  than  water,  positive  lenses 
woiild  be  concave  and  thus  the  absorption  characteristics  would  amount 
to  shading.  Also,  the  transducer  behind  a  lens  element  will  be  down  to 
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about  -3  db  on  the  edges.  This  amounts  to  additional  shading,  which 
means  the  first  side  lobe  should  be  greatly  suppressed.  Thus,  the  first 
side  lobe  is  18O*  out  of  phase  and  at  -I7.8  db  on  a  circular  element. 

Unlike  the  photographic  emulsions  and  some  TV  cameras  where  an  in¬ 
crement  of  area  also  integrates  this  energy  over  time,  the  receiving 
transducer  sums  the  signal  over  the  area  of  the  receiving  element.  In 
an  acoustic  problem,  if  lens  quality  is  low  (that  is,  if  the  pressure 
wavefront  does  not  converge  on  the  transducer  in  a  \miform  wavefront) 
the  time  of  arrival  is  out  of  phase.  As  a  result,  standing  waves  form 
and  energy  cancellation  occurs  over  the  area  of  focus. 

The  shape  of  the  sensitivity  area  of  a  transducer  system  (including 
reflecting  and  refracting  lens  systems  with  compatible  transducers)  is 
basically  a  function  of  the  shape  (apertvire)  of  the  energy-gathering 
surface.  For  exainple,  a  line  transducer  (long  and  narrow)  can  be  shaded 
electrically  by  impedances,  but  the  same  thing  can  also  be  accon5)lished 
by  narrowing  the  transducer  at  the  ends  as  shown  in  Sketch  17. 


SKETCH  17 

A  lens  with  the  same  aperture  shape  would  have  the  same  pattern 
and,  -vdien  combined  with  a  compatible  transducer,  would  have  a  wider  beam 
by  the  factor  of  The  conpatible  transducer  would  be  of  the  same 

general  aperture  shape,  but  would  be  mounted  at  crossed  angles  behind 
the  lens. 


LENS  TESTS 


Two  acoustical  lens  systems  tests  were  conducted  to  determine  reso¬ 
lution  and  contrast  of  the  system.  Hie  first  test,  using  a  2U-inch 
diameter,  low-quality  parabolic  reflecting  lens,  resulted  in  standing 
waves  in  the  area  of  focus.  Hiis  was  determined  from  the  fact  that  the 
signal  on  a  single  receiving  transducer  (which  sums  the  slgneil  over  the 
area  of  reception)  would  increase  and  then  decrease  when  moved  in  small 
increments  in  any  direction. 

In  the  second  and  successful  test  a  5.75-inch  aperture  glass  para¬ 
bolic  mirror  (the  0.66  glass-to-water  reflection  coefficient  is  adequate 
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for  these  tests)  with  a  foccil  length  of  2h  inches  was  used  to  view  a 
3/8-inch  button  located  84  inches  from  the  lens.  The  resulting  image 
distance  from  the  lens  was  approximately  34  Inches.  Several  3x3  re¬ 
ceiving  matrix  configurations  were  used;  however  only  one  was  fully 
successful. 

Two  construction  factors  are  believed  to  have  made  the  difference 
between  the  successful  and  unsuccessful  tests.  In  the  successful  test, 
the  back-conducting  surfaces  were  cemented  to  a  very  thin  conducting 
aluminum  foil,  then  backed  with  a  foam  plastic.  This  accomplished  bet¬ 
ter  acoustical  matching  and  reduced  the  possibility  of  shear  waves  in 
the  backing -material  transferring  energy.  Ttie  unsuccessful  matrices  had 
thicker  foil  and  mlcarta  backing  from  one  crystal  to  another.  Also  in 
the  second  test,  extra  care  was  xised  on  the  front  surface  connection  to 
reduce  matrix  solder  and  wire  mass  and  thus  maintain  the  resonant  fre¬ 
quency  of  the  piezoelectric  transducer  and  the  impedance  match  to  water. 
Sketch  18  shows  the  transducer  arranganent — the  circles  indicate  the 
signal  strength  of  the  beam  over  the  area  of  the  transducer. 


The  signal  levels  of  each  transducer  were  coinpared  to  the  center 
one  (which  was  estimated  at  -1  db  from  the  maximum  level) .  These  lev¬ 
els  for  transducers  2,  4,  6,  and  8  were  -12  to  -I6  db;  for  comer  trans¬ 
ducers  1,  3,  and  9  the  signal  strength  was  nearly  zero;  while  corner 
transducer  7  had  a  -l4  db  reading. 
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To  simulate  close  spacing,  the  beam  was  moved  to  one  crystal  width 
from  the  center  of  the  No.  6  crystal  in  a  setup  as  shown  in  Sketch  I9, 
to  determine  the  signal  strength  on  that  crystal.  The  resulting  signal 
was  about  -6  db.  Optical  alignment  and  focus  were  used  to  determine 
beam  center  location  focus.  It  was  also  determined  d^zring  the  test  that 
focus  could  be  accorcplished  by  observing  the  acoustical  signal  levels. 


AMPLIPTIHG  AND  SWITCHING 


Since  it  is  desirable  to  receive  minimum  signal  levels,  which  would 
of  necessity  be  greater  than  thermal  noise  levels  (see  Appendix  B),  high- 
gain  amplifiers  are  indicated.  However,  a  large  matrix  transducer  array 
involves  so  many  transducer  elements  that  the  individual  preamplifiers 
on  each  element  might  be  prohibitive  in  cost  for  many  applications.  Ihere 
is  the  iKissibility  of  direct  switching  at  the  10  to  100  pvolt  level  for 
small  piezoelectric  transducers.  Ihat  is,  a  0  to  +20  db  level,  refer¬ 
enced  to  1  microbar  woxxld  be  obtained  when  the  calciilated  inipedance  of 
the  transducer  is  1,000  ohms  and  the  transducer  is  not  greater  than  0.2 
cm2  jLn  area.  (See  Appendix  C  for  switching  technique  st^ldies.) 

Ultrasonic  imaging  tubes  would  be  a  reasonable  solution  for  the 
high-speed,  low-level  switching  problem  if  these  tubes  had  high  sensi¬ 
tivity.  Although  none  is  available  at  this  time,  the  General  Electro¬ 
dynamics  Corporation  and  the  TE  Con^sany  have  proposed  development  of  a 
vldicon-type,  acoustical-imaging  tube  having  a  10  to  100  pvolt  sensi¬ 
tivity,  or  a  signed  level  of  +60  to  +80  db. 
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CONCLUSIONS 


As  a  resiilt  of  this  study  it  is  concluded  that  an  acoustic -picture 
device,  consistent  with  theoretical  and  techniceil  limits,  can  be  built. 
Such  a  device  wo\ild  probably  use  a  lens  system  with  electronic  switching 
on  a  matrix  array  of  transducers  or  a  large  round  transducer  with  mechan¬ 
ical  scan. 

It  is  indicated  that  reasonable  conservative  values  for  an  acousti¬ 
cal  source  might  be: 

Signal  strength  trsinsmitted 
Signal  strength  received 
Target  loss 
which  leaves  about 
for  spreading  &  losses. 

Range  of  the  system  could  be  150  ft  at  I.5  Me,  200  ft  at  1  Me,  or  85O  ft 
at  100  kc.  This  range  and  other  greater  ranges  could  be  accomplished  by 
using  low  frequencies  which  have  low  absorption  coefficients.  However, 
they  would  require  large  transducer  systems  to  gather  in  low-signal  lev¬ 
els  and  would  have  poor  resolution. 

A  practiceil  upper  limit  in  range  is  a  function  of  object  size,  or 
minimum  resolution  and  maximum  permissible  transducer  size.  For  example, 
a  two-mile  system  allowing  100-db  loss  due  to  spreading  and  absorption, 
would  require  a  frequency  of  30  or  less.  A  ten-foot  diameter  system 
would  have  a  1.0 -deg  beamwidth  at  two  miles,  thus  limiting  identification 
to  con5)aratlvely  large  objects. 

Since  there  are  compromises  within  resolution,  framing  rate,  and 
distance  of  coverage,  etc.,  a  general -pvurpose  instrument  is  not  practi¬ 
cal.  However,  systems  could  be  tailored  for  specific  instrumentation 
purposes.  For  example,  several  line  transducers  or  equivalent  lens  sys¬ 
tems  could  be  arranged  for  sky-screen  affect  or  they  could  be  grouped 
at  a  single  location  for  angle  data,  with  the  possibility  of  obtaining 
range  from  the  time  delay  of  the  retiirn  signal.  Although  the  conven¬ 
tional  Mills  cross  does  not  have  enough  contrast  for  this  application  a 
two-way  switching  Mills  cross  could  be  used  for  angle  determination. 

The  two  arrays  would  probably  be  monitored  separately  for  this  use. 


+115  db 

0  db* 

-15  db 

100  db 


0  db  is  referenced  to  one  |ib  of  pressure. 
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Appendix  A 

ACOUSTICAL  IMAGE  TESTS 


Underwater  acoustical  imaging  tests  were  conducted  in  the  Station 
swimming  pool  using  an  experimental  transistor  transmitter  and  receiver, 
operating  at  I.5  Me.  The  transmitter  controlled  both  the  pulse  length 
and  the  duration  between  pulses;  the  receiver  had  blanking  during  ti'ans- 
mission. 

A  single  barixim  titanate  transducer,  transmitting  at  I/8  watt,  and 
an  unmodified  8-inch,  1.5-Mc  Mils  cross  constructed  of  rounded  buttons 
and  shaded  according  to  the  Techebyscheff  distribution,  were  moixnted  on 
a  brass  plate.  (Biis  brass  plate  lowered  the  acoustical  transfer  effi¬ 
ciency  and  was  fovind  to  be  one  of  the  worst  possible  materials  for  acous¬ 
tical  impedance  matching.)  The  receiving  transducer  head  was  mounted  in 
a  two-axis  yoke  with  azimuth  motor  drive  and  an  elevation- stepping  relay 
using  potentiometers  for  both  position  determinations.  Hie  potentiometers 
were  used  to  control  the  position  of  the  beam  on  the  oscilloscope.  Sig¬ 
nal  -retiirn  information  was  used  to  modulate  the  beam  intensity.  The 
target  was  a  weighted  4 -ft  squeire  Styrofoam  board  mounted  on  a  Lab  stand 
at  the  deep  end  of  the  swimming  pool.  The  concrete  pool  sides  were 
highly-efficient  reflectors  so  the  test  was  set  up  diagonally  in  the 
pool.  Directly  behind  the  target  was  ein  outlet  of  a  turbine-puinp  recir¬ 
culation  system  that  created  bubbles.  These  bubbles  were  sufficient  to 
give  returns.  Figure  7  shows  the  return  frean  air  bubbles  directly  be¬ 
hind  and  above  the  target  and  a  distorted  reflection  of  the  target  off 
the  curved  bottom.  Figure  5#  page  19,  shows  the  test  setup  and  the  teir- 
get  return.  Here  there  was  very  little  return  from  the  bubbles  and  the 
scan  was  not  low  enough  to  get  bottom  reflections. 

Pulse -length  investigation  was  made  with  a  circuitry  which  wovild 
not  fully  respond  to  the  short  pulses.  However,  by  gating  the  receiver 
ON,  it  was  determined  that  two  cycles  of  Information  would  be  STifficlent 
to  ascertain  a  return  from  one  point  on  the  target. 

During  the  continuous  transmission  investigation  phase  the  return 
signal,  which  came  off  the  side  of  the  pool  30  feet  away,  was  compared 
with  the  background  signal  level.  When  the  receiving  transducer  was 
about  two  feet  to  the  side  of  the  transmitting  transducer,  and  shielded 
from  it,  the  return  signal  indicated  l4  units  on  an  oscilloscope  while 
the  background  level  was  5  to  9  units.  This  is  essentially  a  0  back¬ 
ground  level  for  continuous  transmission.  There  does  not  appear  to  be 
a  high  enough  signal -to -background  level  for  an  effective  continuous 
transmission  system. 
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FIG.  ?•  Acoustical  Image  of  Target  Show¬ 
ing  Reflection  and  Air  Bubbles. 


A  study  of  the  present  system  was  next  undertaken  in  order  to  ver¬ 
ify  previous  power  calciilations .  The  transmitting  transducer  had  a  di¬ 
ameter  of  3/8  inch  (0.952  cm),  and  a  transmitting  area  of  0.714  cm^.  The 
beamwidth  to  the  l/2  power  points  was  6.4  deg  with  the  power  assumed  to  be 
spreading  uniformly  over  this  solid  angle.  A  target  was  placed  27  feet 
(8.25  meters)  from  the  transducer  as  shown  in  Sketch  20.  If  the  near 
field  effects  are  projected  horizontally  they  will  cross  the  solid  angle 
at  a  distance  of  8.65  cm. 


PUNE 

OF 

TARGET 
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The  transmitted  power  was  10  volts  peak-to-peak  across  the  100-ohm 
transducer.  Thus  the  RMS  voltage  is: 


u  10  V  o 

^RMS  "  2/2  ~ 


The  RMS  power  is: 


Power  s=  =  0.125  watts 


100  a 

The  power  radiated  per  unit  area  of  transmitting  surface. 


Power  0.125  watts  _  ^  ,.7^  watts 

Area  “  ^  2  "  2 

0.71^  cm  cm 


The  barium  titanate  trajisducer  has  a  mechanical -to -electrical  effi¬ 
ciency  of  30  to  kO^o  and  a  surface -to -water  transmission  of  30?^.  (This 
might  be  even  lower  if  the  transducers  (which  for  this  test  were  mounted 
on  a  brass  plate  that  increased  the  acoustical  impedance  mismatch)  were 
mounted  on  a  plate  constructed  of  a  more  favorable  material.)  Using  the 
above  values,  acoustic  power  intensity  delivered  to  the  water  is: 

I  =  0.30  X  0.30  X  =  0.09  X  0.175  =  0.016 

cm 


The  RMS  pressure  (P)  transmitted  through  this  acoustic  power  is: 


P  =^,'pc 


I  X  10' 


P  =  pressure  average 

cm 

pc  =  acoustic  impedance  (acoustic  ohms) 
I  =  acoustic  intensity  (^^^-g-) 


P  =. /15^,000  X  1.6  X  10^ 


=  1,57  X  io5 

cm 

P  =  20  log  1.57  X  10^  db 

=  104  db  referenced  to  1  or  1  microbar. 

cm 
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The  spreading  loss  varies  l)y  the  square  of  the  distance  from  the 
origin.  Since  the  energy  had  to  travel  to  the  target  and  back  to  the 
receiver  the  distance  is  16.5  meters.  Therefore, 

r,  -1  /•I6.5  nietersx2  -,0™ 

Spreading  loss  =  (  )  =  3*87  x  10 

Spread.ing  loss  in  db  =  10  log  3*87  x  10^  =  46  db. 

This  16.5-meter  round  trip  distance  from  transmitter  to  target  to 
receiver  is  approximately  18  yd.  The  water  absorption  of  sound  at  I.5 
Me  is  0.70  db/yd,  so: 


Absorption  loss  =  0.70  ^  x  I8  yd 
=  12.6  db 

The  last  loss  to  consider  is  target  loss.  Ihe  target  of  Styrofoam 

(4  — 5  density)  c£in  be  considered  similar  to  air  for  purposes  of  calcula- 
ft 

tions.  The  amount  of  reflected  energy,  R,  from  the  target  is: 


Z  a  pc  =  acoustic  impedance 
pc  for  air  =  42  dyne  cm*^ 

■3. 

pc  for  water  =  150,000  dyne  cm"'^. 

R  =  1 

Since  the  target  surface  was  rougher  than  a  wavelength,  reflection 
spreading  was  greater  than  allowed  for  under  spreading  loss,  which  as¬ 
sumed  mirror -like  reflections. 

The  received  signal  is  fed  directly  from  the  transducer  into  a 
high-impedance  amplifier.  The  effective  transducer  impedance,  with  all 
of  the  parallel  buttons  and  shading  resistors,  is  3*37  Since  the  re¬ 
ceiver  has  an  input  impedance  of  about  1,000  R,  then  each  button  was 
probably  not  loaded  down.  The  voltage  out  of  the  receiving  transducer 
is  4o  pvolts  (estimated  from  the  output  voltage  of  the  receiver)  and  is 
also  the  voltage  across  one  button.  The  power  out  of  one  receiving 
button  will  be: 


R  = 


"1-^2 


Power  = 


(40  X  lO"^  v)^ 
100 
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=  16  X  10 watts/button 

16  X  10 vatts 
0.714  cm^ 


=  22.5  X  10 


-12  watts 
2 


can 


Assuming  a  30^  mechanical -to-electrical  efficiency  and  a  30^  transfer 
of  energy  between  water  and  the  transducer  surface 


I 


0.30  X  0.30  X  I 


water 


water 


.09 


X  22.5  X  10 


-12  watts 


=  248  X  10 


cm 


•12  watts 


cm 


P  =^154, 000  X  248  X  10"^^  X  10* 


=  20 


dynes 


2 


cm 


The  power  in  db's  is: 

P  =  20  log  20  =  26  db 

Summing  the  above  calculated  losses  we  have  46  db  spreading  loss, 

13  db  absorption  loss,  and  virtueilly  no  target  loss.  Kie  estimated  re- 
tiirn  level  at  the  receiver  should  be: 

104  db  -  46  db  -  13  db  =  45  db. 

The  cal  ciliated  value  of  the  received  signal  is  26  db,  thus  we  have 
19  db  of  unaccounted  signal  loss.  The  summation  of  losses  assumes  a 
perfect  target  reflector,  but  this  may  not  be  the  case.  We  first  as¬ 
sumed  a  flat  target,  but  due  to  water  currents  set  up  by  the  continuous 
flow  of  water  throu^  the  pool's  filters,  the  target  was  bent  into  a 
slightly  convex  surface.  This  would  account  for  more  spreading  of  the 
reflected  signal,  thus  greater  spreading  losses.  It  also  became  impos¬ 
sible  to  set  the  target  up  so  that  it  would  be  perpendicular  to  the  beam, 
therefore  the  returned  beam  was  not  reflected  directly  towcird  the  re¬ 
ceiver.  In  addition,  it  is  important  to  note  that  the  Styrofoam  siirface 
was  rough  compared  to  one  wavelength,  which  would  cause  scattering  of 
the  reflected  energy.  This  probable  cause  of  the  added  teurget  losses  is 
confirmed  by  the  fact  that  much  stronger  returns  were  recorded  from  the 
sides  of  the  pool  when  they  were  normal  to  the  beam. 
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Appendix  B 

MINIMUM  THERMAL  NOISE 


nie  minimum  thermal  noise  level  which  could  be  expected  in  an  am¬ 
plifier  or  switching  circuit  for  an  acoustic  lens  device  is  shown  below. 
For  these  calculations,  the  switching  rate  between  crystals  was  500  kc, 
thus  making  the  bandpass  (Af)  of  the  aii5)lifler8  at  least  500  kc. 


E' 


'noise 


Ji-RkW 


E  = 
R  = 

k  = 

T  = 
Af  « 


RMS  thermal  voltage 
resistance  of  element  =  lOOOQ 


Boltzmann  constant  =  I.38  x  10 

Ten^jerature  in  degrees  Kelvin  =  288 *K 
bandpass  =  5OO  kc 


4x1000  ohms  X 


v-sec 

couldnb-olim 


X  1.38  X  10 


•23  joule 

•k 


v-coulomb 

joule 


288 ’K  X  500  X  10- 


sec 


E^  =  8.0  X  10"^^ 

E  =  2.8  X  10"^  volts  =2.8  microvolts 


Noise  power  is  calculated: 

P  P 

„  _  E  8.0  X  10 
^N  =  R  =  ^q3 

P„  =  8x10 watts 
N 

P„ 

P-,  =  10  log  - -  10  (-12.9)  dbm 

10"^  watts 


P  . 
noise 


-129  dbm 
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There  is  also  a  possibility  of  -using  several  parallel  channels  of 
amplification,  each  channel  switching  through  a  different  section  of 
crystals.  Since  each  amplifier  would  now  have  fewer  crystals  to  switch, 
the  switching  rate  could  be  reduced  by  the  same  factor  as  there  are  chan¬ 
nels  of  amplification.  Thus  10  channels  would  reduce  the  rate  of  switch¬ 
ing  to  50  kc.  The  noise  voltage  (e)  now  would  be  0.9  microvolts  and  the 
noise  power  would  be  -139  hbm.  The  signal -to-thermal -noise  ratio  co-uld 
therefore  be  reduced  by  increasing  the  number  of  channels  of  amplifica¬ 
tion. 


Appendix  C 

HIGH  FREQUENCY  COMMUTATING 


During  the  initial  development  of  an  underwater  acoustic -imaging 
device,  a  need  arose  for  a  high-speed  switching  circuit  capable  of  com- 
mu-fcating  over  1,000  channels  of  jivolt  signals  at  a  500  kc  rate.  The 
switching  circuits  had  to  be  low  in  cost/channel  due  to  the  large  num¬ 
ber  of  channels  required.  On  the  basis  of  cost/channel,  two  devices 
were  considered:  B\irroughs  beam-switching  tubes  (since  they  would  com¬ 
mutate  -with  pialses  from  a  single  flip-flop),  and  diodes  (since  they  were 
comparatively  inexpensive).  Considering  these  two  devices,  three  circuits 
were  evaluated. 

Before  establishing  circuits,  switch  requirements  were  considered. 
Each  switch  was  to  be  connected  to  a  barium-titanate  transducer  which 
had  an  a-c  impedance  to  water  of  about  1,000  ohms  at  1.5  Me,  and  a  d-c 
impedance  of  5^000  ohms.  The  switching  circuit  had  to  commutate  these 
1,000  transducers  by  detecting  I.5  Me  signals  with  amplitudes  between 
10  and  100  ^volts.  These  signals  could  then  be  fed  into  a  single  am¬ 
plifier  for  detection  eind  display. 

Hie  first  s-witching  device  considered  was  the  Burroughs  beam-switch¬ 
ing  tube.  This  tube  seemed  applicable  since  only  a  flip-flop  type  cir¬ 
cuit  was  needed  to  drive  it.  With  proper  circuitry,  the  tubes  would 
switch  through  10  channels,  then  pulse  the  next  tube  ON.  Thus,  with  a 
minimum  of  external  circuitry,  the  tubes  would  be  able  to  commutate  a 
large  number  of  channels. 

The  BD301  tube  -was  used  in  this  case  because  of  its  availability, 
but  for  future  transistor  circuits  the  BD308  tube  should  be  used.  Q^e 
1.5-Mc  signal  was  fed  into  the  spade  grid  of  the  tube;  in  turn  this  sig¬ 
nal  modulated  the  target  voltage  in  such  a  way  that  the  target's  output 
showed  a  slight  amplification.  The  targets  of  each  channel  were  then 
fed  into  a  single  amplifier  through  diodes  so  that  the  on-target  voltage 
would  not  affect  the  other  targets.  The  driving  circuit  could  be  a  sin¬ 
gle  multivibrator  with  one  plate  going  to  the  0  grid  and  the  other  plate 
to  the  No.  1  grid. 
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The  following  circuit,  Sketch  21,  was  used  to  prove  this  technique: 


120  V  B* 


SKETCH  21 


The  circuit  shown  was  able  to  commutate  through  10  channels  of  one 
tube  at  a  500 -kc  rate;  however,  the  tube  was  very  noisy.  Switching 
spikes  in  the  order  of  10  volts  were  noted  and  a  tube  thermal-noise  lev¬ 
el  of  near  10  millivolts  kept  smaller  input  signals  from  being  seen.  It 
woxild  be  possible  to  blank  the  switching  spike  in  the  amplifier  but  the 
tube  noise  seemed  too  intense  for  the  small  signals  being  considered. 

The  next  circuit  attempted.  Sketch  22,  used  a  simple  diode-switch¬ 
ing  eirrangement . 


SKETCH  22 
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Applying  a  voltage  at  causes  the  diode  to  be  forward  biased  and  thus 
allows  the  1.5“Mc  signals  to  pass.  Since  the  other  diodes  are  reverse- 
biased,  they  do  not  load  the  next  circuit. 

Switching  noise  using  diodes  was  not  as  severe  as  with  beam-switch¬ 
ing  tubes.  Spikes  could  be  kept  down  to  less  than  O.05  volts  and  channel 
noise  was  less  than  50  pvolts  peak-to-peak  for  average  peak  levels.  This 
circuit  seemed  to  work  satisfactorily  except  for  signal  strength  varia¬ 
tions  due  to  diode  thermal  characteristics. 

In  order  to  commutate  a  large  group  of  such  switches,  it  would  be 
possible  to  connect  the  point  V^.  oi"  each  switch  in  a  matrix  fashion,  as 
shown  in  Sketch  23. 


Ring  counter  inputs 


SKETCH  23 


Using  a  ring  counter,  one-half  the  voltage  necessary  to  turn  on  the  di¬ 
odes  could  be  supplied  in  turn  to  each  row  and  colxmin.  That  is,  Switch 
^1  could  be  turned  on  with  voltages  applied  to  Row  #1,  Column  #1.  Using 
a  500 -kc  ring  coimter  for  the  coliamns  allows  the  first  row  to  be  switched. 
By  applying  voltages  to  the  rows  with  a  slower  ring  counter,  each  column 
coiild  be  switched  in  Row  then,  switching  rows,  the  column  in  Row  ^ 
could  be  switched,  etc.  Thus,  only  two  ring  coimters  with  32  channels 
each  need  be  used  for  switching  the  diodes. 

The  third  circuit.  Sketch  2k,  is  very  similar  to  the  previous  diode 
switch  except  for  the  method  of  coupling  it  to  the  transducer.  By  using 
transformer  coupling,  a  voltage  stepup  would  be  possible.  The  tvmed  cir¬ 
cuit  would  have  to  have  a  bandwidth  of  greater  than  5OO  kc,  which  is  the 
switching  rate.  However,  this  circuit  was  plagued  by  ringing,  apparently 
caused  by  switching  transients.  However,  very  little  study  was  given  to 
this  particular  problem. 

After  the  1.5-Mc  signal  passes  through  the  switch,  it  must  be  am¬ 
plified.  A  broad  band  amplifier  was  tried  as  a  quick  solution  to  the 
problem.  One  stage  of  this  circuit  is  shown  in  Sketch  25. 
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SKETCH  2k 


The  input  to  each  amplifier  stage  vas  biased  so  as  to  allow  the 
signal  to  pass  while  clipping  off  the  switching  spike.  Ihis  was  con¬ 
tinued  until  a  100-pvolt  RMS  signal  produced  a  5  volt  output.  At  this 
point  thermal  problems  became  a  predominant  factor.  A  small  change  in 
diode  current  due  to  thermal  effects  would  cause  the  switching  spike  to 
vary  in  amplitude  some  100  ^volts,  thus  shifting  the  average  signal 
level  of  the  last  amplifier  so  that  it  would  clip  the  signal  rather  than 
the  spike.  It  would  appear  that  with  some  proper  temperature-compensat¬ 
ing  networks  a  more  constant  gain  could  be  obtained,  thus  preserving  the 
signal. 

Tests  to  date  indicate  that  a  satisfactory  switching  technique  cem 
be  found.  So  far,  1.5-Mc  signals  at  levels  of  less  than  lOO-fivolts  RMS 
have  been  commutated  at  a  rate  near  ^KX)  kc.  These  signals  were  then 
amplified  to  about  5  volts  RfB.  Careful  diode  selection  and  tenperature 
compensation  circuits  in  the  amplifier  would  definitely  improve  the  pres 
ent  design. 
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